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ABSTRACT 
Paradoxically a very broad diffraction background, named the Bell-Shaped-Component 
(BSC), has been established as a feature of graphene growth. Recent diffraction studies as a 
function of electron energy have shown that the BSC is not related to scattering interference. Here, 
additional experiments are carried out as a function of temperature over the range that single-layer-
graphene (SLG) grows. Quantitative fitting of the profiles shows that the BSC follows the increase 
of the Gr(10) spot, proving directly that the BSC indicates high quality graphene. Additional metal 
deposition experiments provide more information about the BSC. The BSC is insensitive to metal 
deposition and it increases with metal intercalation, because a more uniform interface forms 
between graphene and SiC. These experiments support the conclusion that the BSC originates from 
electron confinement within SLG and surprisingly it is an excellent measure of graphene 
uniformity. 
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Graphene has been studied extensively with several complementary techniques to relate its 
structural quality to its electronic properties and band structure1-4. Clear understanding of most 
structural issues has been attained (i.e., atom position, thickness, stacking, relative layer 
orientation, band structure variation with graphene thickness, etc.) with both real space and 
reciprocal space techniques. One important persisting requirement is to grow large domains of 
single thickness, so the unique properties of a homogeneous, spatially extended 2-d material are 
fully realized. With the more recent emphasis on other 2-d materials beyond-graphene (with 
similar bonding and electronic properties), the same requirements of uniform thickness and large 
domain size are presenting a similar and more challenging problem5. For epi-graphene grown on 
SiC this is especially important because growth is carried out at high temperatures (above~1200° 
C); where Si evaporates from several SiC bilayers while the remaining C diffuses and forms a 
uniform graphene layer. However within a narrow range (~200° C) the grown thickness changes 
from buffer layer (BL) to single-, bilayer-, and multi-layer graphene. Because the temperatures 
where a given thickness is grown are high and different regions grow at different rates, the growth 
process most likely results in some mixture of layers. Since graphene properties change with 
thickness it is essential to measure the areas covered by each layer. When metal intercalation is 
used to alter graphene’s properties, layer distribution is important because boundaries between 
layers of different thickness are likely entry portals for the intercalated atoms.  
 
Recently it was shown with surface electron diffraction6 that a surprisingly very broad 
component develops around the (00) and Gr(10) spots for both graphene on SiC and for graphene 
on metals. This bell-shaped-component (BSC) has a width ~50% of the graphene Brillouin zone 
(BZ). This unusually broad and intense component does not indicate a rough and disordered film 
as expected from textbook diffraction7, but instead shows a well ordered single layer film. The 
BSC paradoxically has been present in the earlier graphitization experiments of SiC, but it has 
never been mentioned.8-13 In these earlier studies several pioneering characterization experiments 
were performed confirming the unusual properties of graphene, which  indicates that the BSC is 
important. It also demonsrates that the origin of the BSC must be general and fundamental. Since 
these results are very unintuitive and film uniformity is so important for all 2-d materials, in this 
work we provide additional information confirming that the BSC is a measure of high graphene 
quality. Spot profile experiments were analyzed as a function of energy, to show that the measured 
parameters for the broad and narrow diffraction components, do not follow the variation of the 
profile shape expected from scattering interference7. Annealing experiments to record the 
evolution from BL to SLG show quantitatively that the BSCs, both around the (00) and Gr(10) 
spots, follow closely the growth of the Gr(10) spot. This confirms directly that the BSC is 
intrinsically related to graphene quality. Metal deposition experiments further support the unusual 
character of the BSC. These experiments show that the intensity at the BSC center does not 
decrease, as would be expected from destructive interference between diffracted waves from 
deposited metal and substrate atoms. Intercalation experiments that decouple graphene from SiC 
show stronger BSC, which also suggests the BSC is related to electron spatial confinement within 
a single layer. These experiments add additional support to the hypothesis that the BSC originates 
from the high precision of locating an electron’s position normal to the graphene sheet14. The high 
electron confinement normal to the surface generates a large spread in the graphene electron’s 
wavevector. The wave vector spreading is transferred to the diffracted electrons via the interaction 
between graphene electrons and incident beam electrons. By monitoring the evolution of the BSC 
with temperature, we can determine the exact conditions for uniform thickness graphene to form. 
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 3 
The technique can also be used to clarify the growth conditions for the recently discovered 
semiconducting phases of the BL15,16.  
The substrates used in the current experiments were 4H-SiC(0001) purchased from Cree, Inc. 
The samples were graphitized in UHV (P~1×10-10 torr) by direct current heating repeatedly to 
~1200°-1400° C for tens of seconds. The layer thickness (whether single layer or bilayer ) was 
controlled by the heating rate: faster rates (400° C/s ) result in single layer graphene (SLG) while 
slower rates (~40° C/s) result in bilayer graphene17-21.  
 
Fig. 1 shows the 2-d electron diffraction pattern over one fourth of the BZ (at an electron energy 
of 194 eV) for clean graphene that was grown at 1240° C. The presence of a strong 5/13 spot and 
the two adjacent quasi 6x6 spots indicate that part of  the surface is BL10. The strong Gr(10) spot 
indicates that the rest is SLG. Although the 6x6 spots which originate from the graphene-SiC 
interface are actually incommensurate, they are commonly called “buffer layer spots” in the 
video LEED literature. In addition to the 6x6 spots surrounding all fundamental spots, the 5/13 
spot is the strongest LEED spot among the spots from the quasi-(13x13) BL-SiC incommensurate 
supercell. It is the most sensitive to the presence of BL. No BSC is ever seen around SiC(10), 
confirming that the origin of BSC is related to graphene electrons. When heated to 1300° C the 
5/13 spot decreases and the Gr(10) spot becomes stronger signaling the formation of complete 
SLG, as seen in previous studies4, 8-13.  
These measurements have the advantage that the BSC can be separated from the narrow 
component of the (00) and the Gr(10)6. A diffraction profile decomposes into two component: a 
narrow component which in typical surface diffraction measures the long range order in the system 
and the total number of scatterers; and a broad component reflects short range order and domain 
size. The 00 energy dependent profile analysis, for the film grown at 1300° C, is summarized in 
Fig. 2. In Fig. 2(a) the integrated area of the narrow component is shown in black and the FWHM 
of the narrow component in pink. Maxima in the peak area are observed at 144 eV and 104 eV and 
minima at 124 eV and 160 eV. No oscillations are observed for the FWHM, confirming graphene’s 
 
 
Fig. 1 Diffraction pattern at 194 eV of clean graphene which is a mixture of BL and SLG. The 
5/13 spot and the two adjacent 6x6 spots indicate that  a fraction of the surface is BL and the 
Gr(10) spot indicates that the rest is SLG. BSC is seen around the (00) and the Gr(10) but not 
the SiC(10)  spots.  
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homogeneity. The lack of FWHM oscillations shows that the domain size exceeds the coherence 
length of SPA LEED. In Fig. 2(b) the integrated area of the BSC of the (00) is shown in black and 
the FWHM of the BSC is shown in blue as a function of electron energy. Maxima are observed at 
144 eV and 104 eV and minima at 124 eV and 160 eV, the same energies as for the narrow 
component, thus ruling out that BSC is a result of scattering interference between adjacent 
domains7. The overall increase with energy confirms the confinement mechanism as the origin of 
the BSC, since  for a larger Ewald sphere the increase in Dk|| for the same Dkz (and therefore the 
FWHM of the BSC) is larger. The size of the symbols corresponds to the error bars. From the same 
graph it is seen that the FWHM oscillates with  DS » 1 which corresponds to single graphene step 
height. In typical surface diffraction the FWHM and integrated areas of the broad component are 
correlated, 7 because the increase of the broad component is caused by transferring intensity from 
the center of the profile to lager wavevectors at the “wings”. Instead, for graphene the FWHM and 
integrated area of the BSC component as seen in Fig.2 (b) they are anti-corelated which 
independently confirms the unusual origin of the BSC. 
 
Because of SPA-LEED’s higher resolution and because the spots are studied quantitatively, 
annealing experiments were carried out to follow the growth of graphene from BL to SLG as a 
function of temperature. Since the narrow components of both spots measure the grown SLG and 
are sensitive to layer uniformity, it is possible to test how the BSC (as it changes with temperature) 
relates to the grown graphene quality. Four profiles are shown along [11#00]	in fig.3 obtained after 
heating for 15 s few (5-6) times at each temperature 1200° C, 1240° C, 1280° C and 1300° C. The 
 
 
 
Fig. 2  The SLG profile analysis of the (00) spot for a film grown at 1300° C. (a) The integrated 
area of the narrow component is shown in black and the FWHM of the narrow component in 
pink as a function of energy (top scale) or the normalized phase s=dg(Dkz)/2p with dg=0.33 nm 
and Dkz the normal momentum transfer (bottom scale). No oscillations are observed for the 
FWHM indicating that the graphene domain size exceeds the coherence length of SPA LEED.  
This confirms the graphene’s homogeneity. (b) The integrated area of the BSC of the (00) is 
shown in black and the FWHM of the BSC is shown in blue as a function of electron energy. 
Maxima are observed at  the same energies as for the narrow component.  
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 5 
four profiles in fig.3 are shown bottom to top from low to high temperature. They are shifted for 
clarity with the bars on the ordinate axis marking the same intensity. The Gr(10) and (00) increase 
while the 5/13 decreases in intensity, as the SLG progressively covers the BL. The spot evolution 
can be analyzed quantitatively by fitting the profiles with Lorentzian functions described by a 3/2 
exponent at the denominator (LRZ-3/2). This is a better choice than Lorentzian function (the 
exponent is -1) both for the narrow and BSC components. For the narrow component the LRZ-3/2 
function corresponds to a much sharper domain size distribution of the grown graphene. For the 
BSC component it reflects the sharper distribution expected for the momentum transfer of the 
graphene electrons, that is causing the BSC based on the confinement mechanism. However the 
origin of the BSC is not related to the surface morphology and as noted before it is correlated to 
the narrow component. This major result is independent of the choice of the fitting function 
whether LRZ-3/2 or LRZ, because it involves only the integrated areas of the narrow and BSC 
components.  
Two components were used for the (00) and Gr(10) spots, the narrow and the BSC. From the 
fits, the areas of the narrow (00), the BSC of (00), the narrow of Gr(10), the BSC of Gr(10), the 
5/13 and the 6x6 spots (along [12#10]) were extracted. The areas were normalized to the integrated 
area over the measured BZ (for each profile along the two directions) to remove effects due to 
differences in beam current or scattering factors. After the normalization, all the integrated areas 
have a monotonic dependence on temperature as seen in table I. The integrated area of the BSC 
around the (00) and the integrated area of the BSC around Gr(10) follow the integrated area of the 
narrow component of the Gr(10). As the area of Gr(10) increases by a factor of 10 the areas of the 
two BSCs increase by a factor of 4. The schematic to the right side of fig. 3 shows the changing 
surface morphology, corresponding to each of the profiles on the left. It shows graphically the 
growth of SLG, as it finally fully covers the BL.  
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 6 
The experiments discussed so far show that the BSC is a diagnostic of high quality graphene, 
The question that remains is how it is generated? A likely origin is related to the thickness 
uniformity of graphene, of a single layer Dz=dg=0.33nm13, that extends without interruption over 
steps. It provides perfect confinement of the graphene electrons normal to the surface. From the 
uncertainty principle Dpz.Dz ³ħ we have that Dkz»1/dg is the spread of kz (the normal component 
of the electron wavevector of the graphene electrons). This range was measured directly with 
ARPES14 and it was maximal for SLG, (decreasing with m=2,3 as the graphene thickness mdg 
increases). The uncertainty Dkz generates an uncertainty in the z component Dkz of the momentum 
transfer to the diffracted electrons via graphene-electron with beam-electron  interaction. Because 
scattering is elastic with electron energy E=constant, a spread Dkz in the diffracted electrons 
generates a spread in their parallel momentum transfer k||. The momentum transfer (Dkz, k||) of the 
diffracted electrons is constrained to move along the Ewald sphere by energy conservation; with 
each value of kz within Dkz corresponding to a different value of k||, thus generating the BSC.  
 
 
 
 
Fig.3 (a)The growth of graphene from BL to SLG followed as a function of temperature. Four 
profiles are shown along 	[11#00] obtained after heating few  times for 15 s at 1200° C, 1240° 
C, 1280° C and 1300° C respectively. They are shifted for clarity with the bars on the ordinate 
axis marking the same intensity.  The evolution of these profiles can be analyzed quantitatively 
by fitting them with LRZ-3/2 functions. From the fits the areas of all spots (narrow (00), BSC 
of (00), narrow Gr(10), BSC of Gr(10), the 5/13 and the 6x6 spots along [12#10]) were 
calculated. The areas were normalized to the total integrated area (shown by the shaded areas) 
over the measured BZ. After the normalization the Gr(10) and (00) increase monotonically 
with temperature, while the 5/13 decreases in intensity. (b) Schematics of the surface 
morphology corresponding to the measured diffraction profiles to the left. 
morphology 
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 7 
Additional evidence supporting this mechanism is seen in µ-LEED when there are layers of 
different thickness in the field of view. The thickness can be identified from I-V reflectivity curves. 
µ-LEED experiments were performed on G/SiC samples with regions of thickness m= 1-, 2-, 3-, 
4- layers22. Micro-diffraction patterns were recorded from areas of a single thickness. The Gr(10) 
becomes stronger and the 6Ö3 spots weaker with increasing m. A BSC is present around the Gr(10) 
and its width decreases with m as expected from the decreasing spread of the electron momentum 
within thicker layers Dkz»1/mdg.  
The increase of the FWHM with electron energy already discussed for fig.2 is consistent with 
the confinement scenario: at higher energies the radius of the Ewald sphere is larger, so the same 
spread in Dkz causes larger change in the parallel component k|| and therefore larger FWHM of the 
BSC. The BSC is also seen in truly free standing graphene which was used for ultrafast LEED 
experiments23. The recorded diffraction pattern shows a strong BSC which extends to a large 
fraction of BZ (~40%) (even for beam energies ~450 eV), similar to the BSC seen by regular 
LEED.  
The unusual behavior of the BSC can also be observed in adsorption experiments, if a second 
element is either deposited on top of or intercalated below graphene. Scattering between the 
deposited and substrate atoms should decrease the diffracted intensity at the profile center: because 
of different scattering phase (the deposited and substrate atoms are at different heights) and/or 
scattering factor (difference in the atomic structure of the deposited and substrate atoms).  
Table I . Integrated areas of the narrow component of the Gr(10), of the BSC around the (00) 
spot, and of the BSC around the Gr(10) spota.  
temperature [°C] Gr(10) narrow (00) BSC Gr(10) BSC 
1200 0.016 0.292 0.091 
1230 0.063 0.371 0.143 
1280 0.093 0.596 0.303 
1300 0.180 0.760 0.379 
a The two BSCs integrated areas follow the area of the narrow component of the Gr(10) with annealing temperature. Since the 
narrow Gr(10) component is a measure of SLG, this shows that the two BSCs also reflect high quality graphene. 
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Fig. 4(a) shows how the diffraction intensity behaves after deposition of 5ML Pb at -180° C. 
The Pb is very mobile and is known to form multilayer islands that cover 40% of the surface24. As 
can be seen from fig.4 (i.e., from the difference in the logarithmic intensity scale between black 
and red profiles at k||=0), the narrow diffraction component drops by a factor of 3 (as well as the 
6x6 intensity) expected from scattering interference. (The color scheme in fig. 4 shows the clean 
surface (black) and after Pb deposition (red)). However the BSC intensity and shape are practically 
unchanged; its FWHM increases only by 5%, while its peak intensity drops by less than 10%. The 
schematic fig.4(b) shows the clean and adsorbed surfaces; fig.4(c) shows schematically what is 
expected from scattering interference (top) and what is observed experimentally (bottom). For 
scattering interference both components drop in intensity at k||=0 as intensity shifts to larger 
wavevectors, while total intensity conserved. Experimentally only the narrow component drops 
and the BSC is practically unchanged, showing that the BSC does not originate from destructive 
intereference, between deposited and substrate atoms. A larger change in shape and area of the 
BSC should be expected for the much rougher morphology (i.e., beating of the 3-d Pb islands with 
the flat substrate) after deposition. This result after metal adsorption  is also seen in fig. 8 of our 
previous publication25. After 0.12 ML Dy is deposited the narrow component drops ~50%, while 
the BSC remains constant.  
 
 
 
Fig. 4 (a) Profiles of the (00) spot for the clean surface (black) and after deposition of 5 ML Pb 
at -180° C (red). The same color scheme is used for the schematics in (c). The narrow 
component intensity drops by a factor of 3 (as well as the 6x6 intensity)  expected from 
destructive interference, between the Pb islands and bare areas. However the BSC intensity 
drops by less than 10% and its FWHM is practically unchanged. (b) Schematic in the middle 
shows the clean surface (black) and the surface after a small deposition of Pb (red balls). (c) 
Schematic (top) expected pattern if generated  by scattering interference, both the narrow and 
broad components should drop in intensity; (bottom) schematic of the  experimental  results 
showing that the narrow component drops but the BSC does not drop in intensity and does not 
broaden. 
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 9 
Concerning the BSC similar diffraction intensity loss at the profile center is expected from 
scattering interference, if the metal is intercalated below graphene, because the film uniformity 
will be interrupted. Metal intercalation is mostly a kinetic process, i.e., how metals deposited on 
top move below graphene. Besides finding the temperature for a given metal to intercalate, it is 
also important to know the location and the amount of the intercalated metal, since depending on 
the metal location, (whether between SLG and BL or between BL and SiC), graphene will have 
different properties.  
We focus on how the BSC changes with intercalation using Dy as a case study. We deposit 2 
ML of Dy at RT on SLG; then progressively anneal to higher temperature. Starting from 850° C 
the intensity of all spots (00, Gr (10), 6x6 etc.) starts to drop indicating that Dy intercalates and 
occupies locations on top and between different graphene layers below. By heating to higher 
constant temperature, for different annealing times, the most stable binding location can be 
identified, since all intercalated atoms diffuse and bond to this location. 
As discussed next, such experiment reveals again that the BSC is not sensitive to scattering 
interference and confirms the confinement mechanism. After the  2 ML of Dy are annealed by 
short 15 s flashes at ~1200° C, profiles are shown after the first flash (pink) and after 13 flashes 
(blue) in fig.5 with the electron energy 192 eV. Profiles in fig.5(a) are along the	[12#10] direction. 
They show that the SiC(10) spot and the 6x6 spots surrounding it decrease in intensity which 
indicates intercalation between BL and SiC, because these spots originate from the BL-SiC 
interface.. The two schematics at the top of fig. 5 show the change in the Dy adatom distribution. 
After the first flash they are more randomly distributed among all locations between the top layers, 
but as shown in the right schematic, at the end they are uniformly bonded only between BL and 
SiC. This causes the intensity decrease of the 6x6 and SiC(10) spots until eventually they 
disappear. Profiles in fig.5(b) are along 𝑡he	[11#00] direction. The (00), Gr(10), the BSC around 
(00) and the BSC around Gr(10) spots grow in intensity as the Dy atoms are transferred to more 
ordered layer between the BL and SiC. Both the area of the BSC around Gr(10) and around (00) 
grow and the corresponding FWHMs decrease by ~15% after the last flash.  
The insertion of the Dy atoms at the SiC-BL interface and the conversion of the SLG to bilayer 
graphene, provide more uniform interface for the graphene electrons, when compared to the result 
of the first flash, with the Dy atoms randomly distributed in all the layers above SiC. The two 
schematics at the top of fig. 5 show the change in the Dy adatom distribution. After the first flash 
they are more randomly distributed among the locations between the top layers, but as shown in 
the right schematic, at the end they are uniformly bonded only between BL and SiC. The increase 
of BSC is primarily because  the distribution of the intercalated atoms below graphene becomes 
less random, as they diffuse and bond only at  the BL-SiC interface. After intercalation the BL 
decouples electronically from SiC, which  effectively results in better condition for the electron 
localization within a layer of uniform thickness. This  can be a secondary reason for the increase 
of BSC. The decrease of the FWHM is also a result of the conversion of the BL to graphene and 
the change of the SLG to bilayer graphene. This decreases the wavevector spread Dkz due to 
electron confinement and therefore it decreases the FWHM of the BSC. The increase of BSC 
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intensity is also seen in hydrogen intercalation experiments cf. fig.4 by T. Langer et al.26 which 
shows stronger BSC for the intercalated than pristine film. The experiments described in the 
current work show the unusual behavior of the BSC under a wide range of  conditions; they do not 
originate from destructive interference when metal atoms are adsorbed on or below a substrate.  
 
 
 
 
Fig. 5 (a) Profiles of SLG after 2 ML Dy deposited at RT followed by a number of flashes, 
each flash for 15 s at 1200° C; after 1 flash (pink) and after 13 flashes (blue), electron energy 
192 eV.(a) Profiles along [12#10]).  The SiC(10) spot and the 6x6 spots surrounding it decrease 
in intensity which indicates intercalation between BL and SiC.(b) Profiles of SLG along 
[11#00]. The  (00), Gr(10), the BSC around (00) and the BSC around Gr(10) spots grow in 
intensity as the Dy is transferred between the BL and SiC. The left schematic shows the surface 
after the initial flash  with Dy bonded randomly between layers. The right schematic shows the 
surface after the last flash with all Dy as a more uniform intercalated layer. The BSC grows in 
intensity and its FWHM decreases after the last flash.  
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Characterization of our samples with strong BSC using other techniques (STM, ARPES), its 
extensive presence in numerous literature experiments and in experiments for graphene grown on 
metals is described in Supplementary Materials27. 
 
Unusual broad profiles were observed with FWHM as large as 35%BZ (similar to the current 
studies) with LEEM and µ-LEED experiments in suspended and supported (on SiO2) graphene 
flakes28. They have been attributed to graphene roughness. However the trends of the variation of 
the FWHM with control parameters are similar to the variation of the FWHM of the BSC already 
discussed: the FWHM increases with energy, decreases with graphene thickness and decreases 
with increasing disorder.  
 
In conclusion an unusually broad diffraction feature, the BSC has been strangely observed in 
numerous electron diffraction studies, totally unexpected because graphene is a highly uniform 
film. The energy dependence of spot profiles shows that the BSC cannot be related to scattering 
interference from adjacent terraces, as common in all other films. Annealing experiments 
monitoring the growth of SLG have shown that the BSC integrated area is highly correlated to the 
growth of Gr(10), thus suggesting that the BSC is also a reliable diagnostic of graphene quality. 
Metal deposition and intercalation experiments show that the BSC grows stronger and with a 
reduced FWHM after complete metal intercalation, a result of stronger confining condition of the 
graphene electrons and decoupling of graphene from the substrate. Most likely the BSC is a result 
of graphene uniformity as it overgrows steps without interruption. The BSC should be also present 
in other 2-d materials of current interest and can indicate optimal conditions for their growth.  
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